Trifluperidol (TFP), at a concentration of 100 ,M, inhibited the 24-h growth of Saccharomyces cerevisiae by about 30%. Effects on lipid metabolism were investigated by monitoring the incorporation of [1-14C]sodium acetate into various lipid fractions after 4 and 24 h of growth in the presence of several concentrations of TFP. Although little effect was noted on the amount of free sterols, 24-h incorporation of label into steryl esters was increased two-to fourfold by 100 ,M TFP. Major sterol components of the steryl ester fraction isolated from an untreated culture were zymosterol (48%) and ergosterol (24%), whereas from the TFP-treated culture A8 24(28)-ergostadienol (66.6%) and A8-ergostenol (14.7%) were most abundant. Free sterols present in the highest concentration in the untreated culture were ergosterol (78.2%) and lanosterol (13%); whereas A8'22_ ergostadienol (38.5%), A8-ergostenol (35.4%), and A8' 24(281-ergostadienol (25.4%) were the most abundant free sterols obtained from the TFP-treated culture. Thus, the major block in the sterol biosynthetic pathway in yeast appears to be A8 -> A7 isomerization. In these same cultures the relative amounts of C12 and C14 acids isolated from both steryl ester and miscellaneous lipid fractions were increased more than threefold over controls.
The addition of trifluperidol (TFP), a wellknown neuroleptic butyrophenone, to a normal diet lowers human serum levels of cholesterol and increases the levels of 7-dehydrocholesterol (13) . The in vitro incorporation of [2-14C] mevalonate into cholesterol by rat liver was inhibited by TFP with a large accumulation of label in 7-dehydrocholesterol (3) . In rat brain cortex slices, TFP (0.2 mM) decreased 02 Uptake and CO2 production (9) . In the same system acetylcholine synthesis was decreased 80%, but the activities of choline acetylase and acetylcholine esterase were not affected (8) .
Studies have been undertaken to monitor the effects of TFP on the lipid metabolism of Saccharomyces cerevisiae. Since S. cerevisiae does not possess a sterol A7-reductase, this organism should prove useful in assessing other possible effects of TFP on sterol metabolism. In addition, the sterol intermediates that accumulate may help to elucidate the details of the sterol biosynthetic pathway in S. cerevisiae.
(These data were presented in part at the 67th Annual Meeting of the American Society of Biological Chemists, San Francisco, Calif., 10 June 1976.) (This paper is from a dissertation to be submitted to the Graduate School, University of Maryland, by M. T. Sobus, in partial fulfillment of the requirements for the Ph.D. degree in biochemistry.)
MATERIALS AND METHODS Reagents. [1-14C] sodium acetate (57.8 mCi/mmol) was obtained from New England Nuclear (Boston, Mass.). Chromatographic reference standards were obtained from the following sources: squalene (Sq) (Calbiochem, Oak Grove Village, Ill.); lanosterol, ergosterol, cholesterol oleate, methyl oleate, triolein, and oleic acid (Applied Science Laboratories, State College, Pa.). Spectroscopic-grade hexane was used for high-pressure liquid chromatography. Apart from technical grade hexane, all solvents were of reagent grade. Diethyl ether and technicalgrade hexane were redistilled before use.
Cell growth conditions. Cultures of S. cerevisiae, strain MY 306, were maintained on 2% agar slants in a medium containing 0.1% NH4Cl, 1.1% K2HPO4, 1.85% KH2PO4, 2% yeast extract, and 2% glucose (medium A). An inoculum was prepared by adding one loopful of yeast from an agar slant to either 5 or 25 ml of sterile medium in a test tube (18 by 150 mm) or a 250-ml flask, respectively, and shaking at 50 rpm for approximately 17 h at 28°C in a New Brunswick Psycrotherm incubator.
For the 14C incorporation studies, 2% of a 17-h culture was added to test tubes containing 5 and the indicated amounts of TFP. TFP was added to sterile tubes as a sterile ethanol solution, and the solvent was removed in vacuo. The cultures were incubated with shaking (50 rpm) at 28°C. Growth was monitored by determining the absorbance at 640 nm with a spectrophotometer (Bausch and Lomb, Spectronic 20) and by assaying the amount of protein by the procedure of Lowry et al. (7) . At the indicated times, 2.0-ml portions of culture were aseptically removed and added to 1.0 ml of 10% trichloroacetic acid. Centrifugation at a setting of "5" on a table top centrifuge (International) yielded a pellet of cells which was washed twice with 1.0 ml of distilled water.
Lipid extraction and analysis. Lipids were extracted serially with methanol, methanol-benzene (1:1, vol/vol), and benzene as described previously (14) . The crude lipid extract was saponified according to the method of Fung and Holmlund (5) . Samples of crude lipids and nonsponifiables were counted in 5 ml of scintillation solvent consisting of 0.4% 2,5-diphenyloxazole, 0.01% bis(o-methylstyryl)-benzene, 66% toluene (vol/vol), and 34% Cellosolve (vol/vol) in a scintillation spectrophotometer (Intertechnique). The counting efficiency for all samples was 90 + 2%. In all cases duplicate samples were taken for extraction and analysis. The reported counts per minute values are averages for duplicate samples. Nonsaponifiable lipids were analyzed by thin-layer chromatography. The solution containing the nonsaponifiables was concentrated under N2 to a dry residue, which was redissolved in 50 ,ul of chloroform-methanol (2:1, vol/vol), and spotted on a silica-gel thin-layer plate (Quantum Industries, Fairfield, N.J.). Two 50-,ul washes with the above solvent mixture were spotted also. Reference standards of squalene, ergosterol, lanosterol, cholesterol oleate, methyl oleate, triolein, and oleic acid were used. The plates were developed to 10 cm twice with benzene-ethyl acetate (5:1, vol/vol) and once to 17 cm with hexane-diethyl ether-glacial acetic acid (95:5:1, vol/vol/vol).
Radioautographs of the developed thin-layer chromatograms were prepared as described previously (6) . Sections of the chromatograms corresponding to the reference standards were scraped, and the labeled components were counted in 5 ml of scintillation solvent.
Isolation and analysis of steryl esters, sterols, and fatty acids. Two percent (vol/vol) of a 17-h yeast culture was added to two 2.5-liter Fernbach flasks each containing 500 ml of sterile medium consisting of 0.5% NH4Cl, 1.1% K2HPO4, 1.85% KH2PO4, 0.5% yeast extract, and 2% glucose (medium B). At the time of inoculation, 20 mg TFP in 5 ml of sterile ethanol was added to one flask to provide a final concentration of 100 ,uM. An equal volume of ethanol was added to the control flask. The cultures were incubated with shaking (50 rpm) for 24 h at 28°C. At the time of cell collection the absorbance at 640 nm was measured, and the amount of protein was determined as described above. Cells were collected by centrifugation and washed once with 100 ml of distilled water. Sterols, steryl esters, and fatty acids were extracted as described previously (14) , except that diethyl ether was substituted for benzene and the volume of solvent used for each extraction of the alkali-digested cells was 30 ml/liter of culture. Sterols and steryl esters were separated by column chromatography with Biosil A, 100 to 200 mesh (Biorad, Richmond, Calif.). The steryl esters were eluted with 30 ml of hexane-diethyl ether (98:2, vol/vol), after which the free sterols were eluted with 30 ml of hexane-diethyl ether (75:25, vol/vol) and 30 ml of diethyl ether. After removal of solvent, steryl esters were saponified by refluxing in 20% KOH in 80% ethanol (vol/vol) for 1 h. The liberated sterols were extracted into hexane and acetylated overnight with 1 ml of a solution of pyridine and acetic anhydride (1:2, vol/vol) at room temperature. The resulting steryl acetates were extracted into nhexane and then separated by means of a highpressure liquid chromatograph (Waters, Milford, Mass.) equipped with two ,t Porasil columns (1/4 in by 30 cm) connected in series. Individual steryl acetates were eluted with a linear gradient of hexanediethyl ether (99.5:0.5, vol/vol) to hexane-diethyl ether (99:1, vol/vol). Fractions that absorbed at 220 nm were collected and, after concentration, were analyzed by gas-liquid chromatography (Hewlett Packard, model 5830, or Perkin Elmer, model 900). Retention times relative to cholesteryl acetate were obtained on glass columns (6 ft by 1/8 inch. [ca. 184.9 by 0.32 cm]) packed with Gas-Chrom Q (100 to 120 mesh) impregnated with: 3% SE-30, 1% QF-1, or 3% Hieff 8BP. Retention times relative to cholesteryl acetate were compared with those reported by Patterson (12) and to authentic acetates of ergosterol and lanosterol. For coupled gas chromatographymass spectrometry a Finnegan model 1015D mass spectrometer with a model 6000 data system was used. Components were separated by a glass column containing 3% SE-30 as described above. Helium was used as the carrier gas. Reagent-grade ammonia gas was mixed with the carrier gas from the chromatograph before entrance to the mass spectrometer, and chemical ionization mass spectra were obtained. Acetates of cholesterol, ergosterol, A7-ergostenol, and A8 "4-ergostadienol were analyzed as standards.
The major ions observed were: M + 18 (M + NH4+), M + 1, M, M -1, M + 1 -60 (M + 1-acetic acid), and M -75 (M-acetic acid-methyl).
Fatty acids derived (i) from phospholipids and triglycerides and (ii) from steryl esters were converted to methyl esters by treatment with a 20% solution of BCl3 in methanol (11). Gas-chromatographic analysis was conducted with a stainlesssteel column (6 ft by 1/8 inch) containing Gas-Chrom Q impregnated with 15% diethylene glycol succinate (DEGS) at 190°C. Retention times before and after hydrogenation were compared to those of authentic standards containing methyl esters of the following acids: C12:0, C14:0, C16:0, C18:0, C18:1, C82, and C18:3.
Confirmation of the identity of the methyl esters was provided by combined gas chromatographychemical ionization mass spectrometry. b Zones corresponding to these substances were removed and counted. c "A" is more polar than ergosterol and is referred to as zone A in Fig. 1 . bZones corresponding to these substances were removed and counted. c "B" migrated between lanosterol and ergosterol as seen in Fig. 1 . d "A" was more polar than ergosterol as seen in Fig. 1 . (3.2%), and zymosterol (0.8%); whereas from a culture grown in the presence of 100 ,uM TFP, the isolated free sterols were &8A 22-ergostadienol (38.6%), A8-ergostenol (35.4%), and Av 24(281-ergostadienol (25.4%).
RESULTS
The relative amounts of C12:0, C14:0, and C14:1 acids obtained from steryl esters and from miscellaneous lipids were more than threefold higher in cultures grown for 24 h in the presence of 100 ,M TFP than in control cultures (Table   6 ). There was also a decrease in the relative amount of C18,: acid isolated from steryl esters in TFP-treated cultures. Although the relative amounts of unsaturated fatty acids isolated from steryl esters decreased slightly in TFPtreated cultures, the drug did not affect the relative amounts of these acids isolated from other saponifiable lipids.
DISCUSSION
All of the sterols isolated from cultures grown in the presence of TFP are A8-sterols. Therefore, in contrast to observations with mammals (3, 13), it appears that trifluperidol inhibits the A8 -* A7 isomerization step of the sterol biosynthetic pathway of S. cerevisiae. Since side-chain modification occurred in the presence of the drug, it may be inferred that TFP does not markedly interfere with the steps required for introduction of the C24-methyl group and oxidation at C22 and C23. Moreover, b Possible identity with components of zones A or B (Fig. 1) has not been determined. which time free ergosterol levels are high. The low amount of zymosterol in the steryl ester fraction of TFP-treated cultures may be due to the relative ineffectiveness of A8-sterols (compared to ergosterol) to inhibit or repress the steryl methyl transferase. Moore and Gaylor (10) have observed that sterols such as cholesterol and 24,25-dihydrozymosterol competitively inhibited the S-adenosylmethionine A24_ sterol methyl transferase reaction. The effect of C24-alkyl sterols, ergosterol and stigmasterol, was stimulatory at low zymosterol levels and inhibitory at high levels. Moreover, in nystatin-resistant strains of yeast which produced A8' 22-ergostadienol as the predominant sterol, the steryl methyl transferase activity was fourfold higher than in wild-type strains (15) . It appears, therefore, that ergosterol may be more effective than A8' 22-ergostadienol in the regulation of zymosterol metabolism.
In addition to affecting the sterol composition of the steryl esters of S. cerevisiae, TFP caused a two-to fourfold increase in the amounts of steryl esters. This effect could be due to substrate specificity if the accumulating A8-sterol intermediates are better substrates than ergosterol for the steryl ester synthetase. However, the drug might induce or activate the synthetase, or possibly inhibit a steryl ester hydrolase. These possibilities are currently being investigated.
The observed difference in the mixture of sterols that were free or esterified probably stems from differing abilities of each sterol to function as substrate for the next enzyme in the metabolic sequence and/or for the steryl ester synthetase. Thus, the finding that A8' 24(28)-ergostadienol comprises about two-thirds of the total sterols from the steryl esters of TFPtreated cultures, but only about one-fourth of the free sterols, may be explained by assuming that A8' 24(28)-ergostadienol is a better substrate for the steryl ester synthetase than is A8-ergostenol or A8' 22-ergostadienol. Alternatively (or in addition), A8' 24(281-ergostadienol may serve as a better substrate for the steryl ester synthetase than for the A8' 24(281-reductase or the A22_ dehydrogenase. Further metabolism of sterols, once esterified, apparently does not occur (1) .
The physiological consequences of an increased production of steryl esters by yeast in the presence of TFP are not readily apparent. The slight growth-inhibitory effect caused by TFP might arise from the effects on sterol biosynthesis, fatty acid metabolism (see below), steryl ester synthesis, other areas of metabolism, or any combinations of the aforegoing.
The results of the labeling experiments indicated that TFP caused an increase in the amounts of label in substances migrating in zone A and B (cf. Fig. 1 ). No substances corresponding to them were detected in extracts of larger scale fermentations. Analysis of the fatty acid composition revealed that TFP caused a threefold increase in the relative amounts of C12:0, C14:0, and C14:1 fatty acids from both the steryl esters and other saponifiable lipid fractions, and a decrease in the relative amount of oleic acid in these two fractions. These observations may indicate that the drug is interfering with fatty acid elongation by promoting the substrate to dissociate from the fatty acid synthetase complex before the longer chain acids are synthesized.
